D espite the advancement in technology over the years, treating patients with traumatic brachial plexus injuries (BPIs) remains a challenge. Options for nerve reconstruction are limited, especially for patients with complete avulsion injuries, because in this group there is no possibility of spontaneous recovery, and direct nerve repair cannot be performed. 30, 35 A universal approach to the management of these complex injuries does not exist. However, in recent years, nerve transfer has become a widely adopted treatment method.
D espite the advancement in technology over the years, treating patients with traumatic brachial plexus injuries (BPIs) remains a challenge. Options for nerve reconstruction are limited, especially for patients with complete avulsion injuries, because in this group there is no possibility of spontaneous recovery, and direct nerve repair cannot be performed. 30, 35 A universal approach to the management of these complex injuries does not exist. However, in recent years, nerve transfer has become a widely adopted treatment method. 47 The contralateral C-7 (CC7) transfer technique was introduced by Gu et al. in 1986 to treat brachial plexus root avulsion injuries. 16 In theory, CC7 transfer provides a substantial number of myelinated nerve fibers for restoration of the paralyzed limb, suitable even for median nerve reinnervation, without permanently damaging the upper limb function of the healthy side. 30, 35, 43 Since its invention, this technique has been used to restore shoulder abduction, elbow flexion, and motor or sensory hand function after a traumatic brachial plexus avulsion injury (BPAI). 15, 30, 40 Inconsistent treatment outcomes have been reported among various studies, causing some surgeons to question the effectiveness of this technique, especially in Western countries. 29, 30 Given that other surgeons have presented en-couraging results 15, 17, 40 and that CC7 transfer remains popular in Asian countries, we questioned whether reported treatment outcomes varied among different regions of the world. We hypothesized that studies from Asian countries reported better outcomes. To test this hypothesis, we performed a systematic review to compare patient motor and sensory outcomes of CC7 transfer to the median nerve and motor outcomes of CC7 transfer to the musculocutaneous (MC) nerve for the treatment of traumatic BPIs in Asia and "other" countries.
Methods

Literature Search
Using PubMed, EMBASE, and 3 Chinese databases (China National Knowledge Infrastructure, Wanfang, and China Science and Technology Journal) we conducted a systematic search of the literature published between January 1986 and April 2015 following the PRISMA guidelines. 25 Our search aimed to identify all original articles related to CC7 transfer for traumatic BPI. Abstract and title search terms included "C7" or "C-7" or "seventh cervical nerve" and "brachial plexus." Duplicate articles were removed, and 2 reviewers trained in systematic review techniques and fluent in Chinese screened the titles and abstracts using predetermined inclusion and exclusion criteria. If study content was unclear after reviewing the abstract, the full text was reviewed. We chose to include Chinese databases because a large number of the Asian studies were from China. Our search may have eliminated other studies from Asia that are not included in these databases, and may be subject to publication bias.
Inclusion and Exclusion Criteria
Inclusion criteria for English and Chinese databases are shown in Table 1 . Patients of all ages were included in the study provided they met the inclusion criteria. Exclusion criteria were developed separately. Studies from the English database were excluded from review if they met any of the following exclusion criteria: 1) review articles; 2) articles without CC7 transfer to nerve outcome report; 3) CC7 transfer for neonatal BPIs; 4) data duplication from the same author; 5) lacking extractable data in the study; or 6) CC7 transfer to nerves other than median or MC nerves. Studies from the Chinese database were excluded from review if they met any of the English database exclusion criteria 1-6. Furthermore, to avoid duplication, we also excluded Chinese studies whose authors had also published studies in the English database.
Data Extraction and Analysis
Descriptive statistics and demographic data were extracted for patients in studies from Asia, China, and "other" countries. China was included as a subcategory of Asia because a large portion of the published studies we collected were from China (data from Asia included Chinese studies). The "other" countries were Egypt, Belgium, US, France, Austria, and Brazil (Fig. 1) . Collected data included year and country of publication, number of patients, sex, age, injury type, preoperative period (interval between injury and surgery), and follow-up period. Pooled estimates of individual patient information were reported for patient demographic background. The reported overall mean value was used in cases in which individual patient demographic information was not available. We also collected objective outcomes of CC7 transfer to injured median or MC nerves, including motor and sensory functions, with reported measurements at the final follow-up visit. Data were abstracted from the Chinese papers by the same 2 reviewers: a senior Chinese surgeon trained in research methodology in the US, and a research analyst fluent in Chinese.
In some studies CC7 was also used to reconstruct nerves other than the median or MC nerve; however, the results and outcome measurements were variable. Therefore, we only studied median nerve and MC nerve outcome measures. We found that the Medical Research Council (MRC) scale was reported most frequently; thus, we applied the MRC scale as an outcomes measure (Table 2) for all extracted outcomes for median and MC nerves. Patient outcomes were collected for nerve transfer; outcomes for C-7 nerve grafting followed by free muscle transplantation were excluded in this study.
Hand motor functional outcomes (wrist flexion, finger flexion) and sensory recovery were reported for CC7 transfer to the median nerve. For studies that described patient motor outcomes as hand and grip function, we included these results as finger flexion. The finger flexion strength was also used to categorize results from 4 Asian studies that reported motor outcomes as finger flexor muscle (flexor digitorum superficialis or flexor digitorum profundus) strength. 5, 19, 23, 37 Similarly, for studies that reported motor outcomes as wrist flexor muscle (flexor carpi radialis, palmaris longus) power, we assigned these results as wrist flexion function. To account for the variety of sensory recovery areas described among studies, we combined the reported areas into the median nerve area ( Table 3 ). The sensory recovery area following CC7 transfer to the median nerve was not defined in 3 studies. 5, 18, 40 For patients treated with CC7 transfer to the MC nerve, we assigned biceps muscle strength as elbow flexion for MC nerve recovery (Table 4) .
We defined motor and sensory functional recoveries as reaching a minimum grade of M3 in motor function and S3 in sensory recovery. Motor function outcomes were cat- egorized as MRC grades of M4, M3, and < M3. For studies that reported motor outcomes as ≥ M3, we categorized these results as M3. A grade of M4 was used as a cutoff for an outcomes discriminator. Patients who achieve M4 have the ability to contract the affected muscle against gravity and mild resistance, which can be considered as functional, whereas patients who reach M3 can only contract the affected muscle against gravity, which is not functional for lifting an object. Sensory recovery data were categorized as ≥ S3 (at least grade S2 without over-response) and < S3 (superficial pain and some touch).
Statistical Analysis
The recipient nerves were used to categorize the data: median nerve (Table 5 ) and MC nerve (Table 6 ). Descriptive statistics and demographic information for study participants from Asia, China, and "other" countries were summarized separately. We analyzed interval data (percentage of males, mean age, mean preoperative period, and follow-up period) using the Student t-test. The chi-square test was conducted for area comparison. All statistical analyses were performed using SAS statistical software (version 9.2), and probability values < 0.05 were considered statistically significant. The percentages of functional recovery (M4, M3, and/or ≥ S3) for median and MC nerves were also reported.
Results
Study and Patient Demographic Characteristics
The systematic methods used to search the English and Chinese databases, including the number of studies collected and excluded, are shown in Figs. 2 and 3, respectively. Overall, 33 studies met the inclusion and exclusion criteria. [1] [2] [3] [4] [5] [7] [8] [9] 12, 13, 15, 18, [19] [20] [21] [22] [23] 26, 27, 30, 31, 35, 37, 38, 40, [42] [43] [44] [45] [46] [48] [49] [50] All studies were retrospective reviews except one, which was a prospective randomized controlled trial. 42 Studies were divided into 2 groups: the median nerve group (n = 29) and the MC nerve group (n = 15). Fifteen studies reported outcomes of multiple procedures. 1, 4, 7, 12, 15, [18] [19] [20] [21] 26, 27, 30, 31, 42, 45 Twenty-six of the 33 studies included were from Asian countries, with Chinese authors publishing the majority of these studies (n = 20). For the median nerve group, 90% of patients were male, the mean age was 24 years, the mean preoperative period (interval between injury and surgery) was 7 months, and the mean follow-up period was 47 months (Table 5 ). There were no significant differences in age, sex, or follow-up period between regions of the world. However, Asian authors reported a shorter average preoperative time period of 7 months, compared with an average of 11 months in studies from "other" countries. For the MC nerve group, 83% of patients were male, the mean age was 23 years, the mean preoperative period was 7 months, and the mean follow-up period was 45 months (Table 6 ).
Median Nerve Outcomes
To recover functions of the wrist and hand, 540 patients underwent CC7 transfer to the median nerve following a traumatic BPI. Asian authors reported the outcomes of 483 patients, with Chinese studies accounting for 247 of the study patients. Authors in "other" countries described results for 57 patients. For wrist flexion, studies in Asia found that 20 of 341 patients (6%) achieved an MRC grade of M4, and 120 patients (35%) achieved M3. Studies from China reported that 20 of 224 patients (9%) achieved M4, and 86 patients (38%) achieved M3. In comparison, in "other" countries, only 1 study from the US reported patient MRC outcomes for wrist flexion. 40 This study found that a greater percentage of patients reached M4 in wrist flexion compared with patients from Asia (p < 0.0001) and China (p = 0.0002), reporting that 10 of 29 patients (34%) achieved an MRC grade of M4, and 8 patients (28%) achieved M3. However, there were no significant differences among groups regarding M3 outcomes.
Furthermore, instead of reporting M4 and M3 outcomes separately, a majority of patients from China were categorized as achieving an MRC grade of ≥ M3 (62/107), which we designated as M3.
For finger flexion, Asian authors reported an MRC grade of M4 in 22 of 468 patients (5%), and an MRC grade of M3 in 169 of 468 patients (36%). Chinese studies found that 17 of 233 patients (7%) reached M4, and 90 patients (39%) reached M3. Studies from "other" countries reported more favorable M4 finger flexion outcomes compared with studies from Asia (p < 0.0001) and China (p = 0.01), and found that 10 of 50 patients (20%) achieved an MRC grade of M4, and 9 patients (18%) achieved M3. For M3 outcomes, studies from China reported that significantly more patients reached M3 in finger flexion than "other" countries (p = 0.04). When ≥ M3 outcomes were compared between patients in Asia and "other" countries, results were similar (41% vs 38%, respectively).
In studies from Asia, 121 of 201 patients (60%) achieved ≥ S3 sensory recovery in median nerve territories, whereas studies from "other" countries found that 12 of 38 patients (32%) achieved ≥ S3 sensory recovery (p = 0.002). Chinese authors reported the most favorable sensory recovery outcomes compared with authors from "other" countries, with 90 of 139 patients (65%) achieving ≥ S3 (p = 0.0005, Table 7 ). 21 We assign the functional primitive grip to Grade M3 in MRC. Sensory function MRC S0, no sensation; S1, deep pain; S2, superficial pain & some touch; S2+, Grade S2 w/o over-response; S3, Grade S2 w/ some 2-point discrimination; S4, normal. Highet's scale 8, 9 S0, no recovery of sensibility in the autonomous zone of the nerve; S1, recovery of deep cutaneous pain sensibility w/in the autonomous zone of the nerve; S1+, recovery of superficial pain sensibility; S2, recovery of superficial pain & some touch sensibility; S2+, as in S2, but w/ over-response; S3, recovery of pain & touch sensibility w/ disappearance of over-response; S3+, as in S3, but location of the stimulus is good & there is imperfect recovery of 2-point discrimination; S4, complete recovery. For S0-S3, we assign <S3 in MRC; for S3+ & S4, ≥S3 in MRC. Protective sensibility 5 We assign protective sensibility to Grade S2 in MRC. 
Musculocutaneous Nerve Outcomes
Contralateral C-7 transfer to the MC nerve was used to treat 154 patients with traumatic BPIs. Outcome measures were reported for 118 patients in Asian countries (92 patients were from Chinese studies) and 36 patients from studies in "other" countries. Thirty-seven of 118 patients (31%) from studies in Asian countries obtained an MRC grade of M4, and 52 patients (44%) achieved M3 in elbow flexion. Twenty-nine patients (25%) regained elbow flexor strength of MRC grade < M3. Chinese authors reported that 37 of 95 patients (39%) reached M4, 33 patients (35%) reached M3, and 25 patients (26%) reached < M3. Studies in "other" countries found that 20 patients (56%) regained elbow flexor strength of MRC grade M4, 7 patients (19%) achieved M3, and 9 patients (25%) achieved < M3. "Other" countries had significantly more M4 patients than Asia (p = 0.02), whereas there were no significant area differences for M3 outcomes (Table 8) .
Discussion
Nerve transfer is considered to be one of the primary treatment options to restore limb function in patients with traumatic BPIs. 47 Possible extraplexus donor nerves include the spinal accessory nerve, 41 intercostal nerves, 28, 41 phrenic nerve, 32, 36 and contralateral C-7 nerve. 4 Contralateral C-7 nerve transfer has been performed in both Eastern and Western regions when other donor nerve options are limited, and continues to be a popular technique in Asian countries particularly. 15, 40 This procedure has some advantages, including the availability of 17,000-40,000 axons containing both sensory and motor fibers that can be transferred to multiple recipient nerves. 6, 15, 42 However, the long distance for axons to travel and the risk of donorsite morbidity is a concern for many surgeons. 40, 42 In this review, countries in Asia, particularly China, published the majority (n = 20) of studies for CC7 transfer to both the median and MC nerves. Dr. Gu and his colleagues have considerable experience with the procedure, and they have favored CC7 transfer over that of other nerves. Some surgeons from Western countries have found the procedure to be associated with unreliable outcomes and a high incidence of donor-site morbidity, and tend to prefer other options, such as free functioning muscle transfer, because the potential risks outweigh the benefits. 14, 29 This may explain why there are fewer studies of CC7 transfer from "other" countries.
However, in this review, we found that studies from both Asia and "other" countries reported unfavorable motor outcomes for CC7 transfer to the median nerve. Motor outcomes were found to be similar between regions (41% of patients from Asia and 38% of patients from "other" countries achieved an MRC grade of ≥ M3 in finger flexion). Studies from "other" countries did report more favorable M4 outcomes; however, when MRC grades of ≥ M3 were compared, results were similar. We compared MRC grades of ≥ M3 among regions because many authors from China categorized patients as achieving an MRC grade of ≥ M3, which we designated as M3. The higher number of patients who reached a grade of M4 in "other" countries may be due to this slight regional variation in clinical scoring. For sensory recovery, countries in Asia reported better outcomes compared with "other" countries, and China reported the highest level of sensory recovery (65% of patients achieved an MRC grade of ≥ S3).
The challenge of restoring motor function in patients with total BPAIs could explain the similar outcomes among groups. Restoration of hand function is especially difficult, and a prolonged denervation period after injury can cause irreversible atrophy of the muscle fibers.
11 Contralateral C-7 transfer to the median nerve requires axons to regenerate over a distance of > 30 cm to reach the wrist 8 (28) 11 (38) 10 (20) 9 (18) 31 (62) 12 (32) 26 (68) and finger flexors. 26, 43 This process will take approximately 10 months for axons regenerating at a rate of 1 mm/day. 26 Adding the time before surgery, regaining hand function is almost 47 impossible for patients, both in Asia and "other" countries, although there was a shorter preoperative time period (average 7 months) in Asia.
Sensory recovery is not affected by atrophy of the muscle fibers, and therefore can be achieved more easily compared with motor function. 39 We found that Asian countries reported considerably higher sensory recovery outcomes compared with "other" countries. The shorter preoperative time period practiced in Asia may possibly explain these results. Many surgeons performing CC7 transfers have noted that a long denervation period of > 1 year can be a major contributor to unsuccessful results. 4, 18, 40 Furthermore, Dr. Gu and his colleagues published 42% of the studies in this review, and their experience with the procedure could be correlated with the noteworthy sensory recovery in patients from China.
There are other reasons why differences in outcomes may exist between regions, including a difference in surgical technique. Surgeons from China preferred to use vascularized nerve grafts and to perform the CC7 transfer in 2 stages, compared with 1 stage. 15 Dr. Gu and colleagues advocated transferring the entire CC7 nerve, and credited their favorable results to this technique. 15 In comparison, surgeons from "other" countries transferred the nerve in 1 stage, and preferred using partial transfers to decrease the risk of donor-site morbidity. 30, 40 These cultural differences in surgeon attitude may have contributed to the regional differences in patient outcomes. Additionally, patient body mass index (BMI) has been suggested to have an influence on the outcomes of peripheral nerve surgery. 10, 24, 33, 34 Socolovsky and Paez recently suggested that BMI played a role in differences in results between Eastern and Western countries for intercostal to musculocutaneous nerve transfers in patients with BPI. 34 They found that a lower mean national BMI reported in Eastern countries correlated with better surgical outcomes. The BMI might also influence CC7 transfer outcomes; however, this relationship needs to be investigated by future research.
There were some limitations to this review. Most of the collected studies were retrospective reviews; therefore, these studies could not control for other confounding variables such as physician experience or data quality. Specifically, for motor outcomes in the median nerve group, a majority of the cases with optimistic outcomes were reported by 1 study from the "other" countries group. This study may not represent the experience of all authors from "other" countries. Some studies also applied stricter outcome measures compared with others. For example, in the study by Sammer et al., a patient achieved a grade of M4 only if they could flex the fingers through their full passive arc of motion against gravity and also against resistance. 30 The variation in outcome measurements and the inherent defect in the MRC scale may have resulted in outcome bias. Last, differences in surgical technique among the included studies caused bias when we compared the outcomes in each group. For example, although categorized in the Asian group, Chuang used a free vascularized ulnar nerve graft to bridge the CC7 and the target nerve in a single stage, whereas Gu and other surgeons from China harvested a pedicled ulnar nerve graft in the first stage and coapted it to the target nerve in the second stage.
7,15
Conclusions
Our purpose was to investigate whether a difference in reported outcomes for CC7 transfer to the median and MC nerves to treat traumatic BPIs was present among different regions of the world, and could explain the increased popularity of this technique in Asian countries. Based on current data, there is no evidence that studies from Asian countries reported better motor outcomes of CC7 transfer to the median and MC nerves compared with studies from "other" countries. For sensory recovery of CC7 transfer to the median nerve, Asian authors reported better outcomes than those from "other" counties. Regional differences in sensory outcomes may be due to patient or surgeon cultural factors. To address whether this procedure should continue to be used to treat these traumatic injuries, future studies should focus on comparing outcomes of different surgical strategies for CC7 transfer. 
